Pulsating jets are very common and useful in various industrial aspects. However, they have some different basic characteristics from steady jets. In this research, the authors reveal both the frequency and the amplitude effects of pulsations on a jet, including large-amplitude cases. Experiments are conducted at a Reynolds number of 5,000, Strouhal numbers of 0.011 -0.27 and velocity-amplitude ratios of 0.1 -1.0. Using a hot-wire anemometry, the authors show centre velocities, radial profiles, half widths and total flow rates at several positions downward a nozzle exit. From centre velocities and radial profiles, we can see that the streamwise scale of the potential core is less than three times the diameter. From half widths and total flow rates, we can see that the pulsation enhances mixing, and confirm the frequency and the amplitude effects specifically. On the other hand, from centre velocities and radial profiles, we cannot see the both effects clearly. As a result, the authors show the combined frequency-and-amplitude effect upon total flow rate, which consists with small-amplitude results by Crow and Champagne (1971) , and find the optimum frequencies.
Introduction
Mixing/diffusion enhancements are one of key technologies in various industrial fields involving chemical reactors, heat exchangers, combustors and air conditioners. Jets are known to be useful for fluid mixing and diffusing. And, in order to develop their efficiency, various devices have been proposed, such as nozzle tabs, the optimum nozzle-cross-section geometries and so on.
Various types of forced pulsations or forced perturbations into the mean jet are other potential methods for the mixing/diffusion enhancements (for example, see Fredler (1) and Toyoda (2) ), which are useful not only for industrial applications but also for the jet propulsions of underwater creatures. However, basic characteristics of the pulsating jet have not yet been clear, having some remarkable differences from the well-researched steady jet (for example, see Rajaratnam (3) ) such as larger flow rate and faster velocity decay. So, we have been requiring more precise knowledge of the pulsating jet, for smarter flow controls. Until now, there have been some studies on the pulsating jet. Crow & Champagne (4) revealed the frequency effect on the pulsating jet with a small amplitude at a Reynolds number Re ≈ 10 5 , and found that turbulence intensity becomes the maximum at a Strouhal number St = 0.3. Petersen (5) carried out circular-jet experiments in air and in water, and observed coalescences of turbulent ring vortices and wave dispersions. In his water
. They have not observed such distinctive St effects as other studies mentioned above. Vermeulen et al. (8) directly measured the flow rate entrained by a circular jet at Re ≈ 10 3 and at large jet-pulsation amplitudes up to the seven times of jet velocity. They showed the existence of a practical upper limit of the jet-pulsation amplitude. Seno et al. (9) conducted flow visualisations and velocity measurements at several cases with the combinations of Re, St and the jet pulsation amplitude, and roughly classified the flow into three types by St concerning ring-like vortices near the nozzle exit; namely St < 0.9, St = 0.9 -2.6 and St > 2.6. Petersen & Samet (10) considered the flow instability of a small-amplitude circular pulsating jet at the vicinity of a nozzle exit at Re = 5.6×10 4 . They found that the dominant instability is such a local one as a shear-layer one, not global ones.
Then, they concluded that the momentum thickness θ of the shear-layer is appropriate as a characteristic length scale. Until now after them, there have been several other studies on the pulsating jet. Hussain & Husain (11) conducted the experiments on a small-amplitude pulsating jet with an elliptic cross section. As well, Toyoda et al. investigated small-amplitude jets from the nozzles with non-circular cross sections (12) - (14) , and from the circular nozzles with tabs (15) , (16) . Ikeda et al. (17) - (19) visualised a large-amplitude circular pulsating jet in a water tank. Bera et al. (20) and Pothos & Longmire (21) experimentally investigated the effect of pulsations upon two-dimensional jets.
Most of past studies are for small pulsation amplitudes, because their interests are entirely devoted to the preferred modes on the steady jet without pulsations. For example, Crow & Champagne methodically studied the St effect upon turbulence intensity. In this context, they revealed the preferred modes for a non-pulsating jet. On the other hand, in many practical aspects, we have needed more precise and comprehensive information especially for the jet with larger pulsation amplitudes.
In this research, we consider both the frequency effect (St effect) and the amplitude effect (α effect) of pulsations upon a circular jet, in wide parameter ranges of St and α including large amplitude cases. Specifically speaking, we systematically measure centre velocities, radial profiles, half widths and total flow rates at several positions downward a nozzle exit. The present results are related with nozzle-exit velocity profiles in the 1/7-power law, as will be shown later. Figure 1 shows the present model, namely, a pulsating jet immersed into an open-space stationary fluid from a straight-pipe nozzle with a circular cross section. Figure 1 also shows the present coordinate system, as well as important physical parameters.
Experimental Method

Model and coordinate system
The coordinate's origin O is at the nozzle exit. The coordinate system is a cylindrical one with a streamwise component x, a radial component r and an azimuthal component θ.
And, d and e represent the inner diameter and the thickness of the nozzle, respectively. In the present study, d = 3.0×10 -2 m and e = 2.0×10 -3 m.
Flow velocity vector v at an arbitrary location is a function of x, r, θ and t, where t is time. We define u = |v|. Then u is also a function of x, r, θ and t. U denotes the flow velocity u on the centre line, then, is a function of x and t alone. A subscript "0" denotes the location of the nozzle exit, so 0 U is a function of t alone.
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, where superscript "¯" denotes time-mean. The half width b on radial velocity profiles is defined as the r when 2 U u = . Figure 2 illustrates the present experimental apparatus. Air is driven by a blower (1). And, through a pulsating jet generator (2) (see later for details) and through a straight pipe (3), air is issued out of a circular-cross-section nozzle (4) into stationary open space with a fully-developed turbulent velocity profile (will be shown in 3.1).
Experimental apparatus
We make the jet pulsative, by means of a rotating punched disk placed at the upstream of the pipe as shown in Fig. 3 . Specifically speaking, an electric motor drives a punched disk (2) , which cyclically changes the cross-section area of a pipe. Produced pulsations are controlled by a bypass pipe (3) together with two valves (4). However, it is not so easy to tune such a valve for large Re and large α over the present range of St, together with an unease in the valve's durability. Using a hot-wire anemometry (5), (6) and (7) with a I-type probe, we get total flow rates and turbulence intensities at several locations downward a nozzle exit. Here, the total flow rate is calculated by the integration of a time-mean velocity profile in the radial direction. A signal from the hot-wire anemometry is analysed by a PC (8) with an A/D converter board.
Total flow rate
Time-mean total flow rate Q through a cross section at an arbitrary location x is defined as follows.
We need enough long time to get accurate results, because the total instantaneous flow rate Q tends to fluctuate with time in the pulsating jet, and because Q shows rather not-exact periodicity due to turbulent components (will be shown in 3.1). Then, we average the data over more than 30 pulsation periods.
Control parameters
In order to define the control parameters, Fig. 4 shows a typical wave form of a pulsating-jet velocity U 0 at the centre of the nozzle exit. Here a fine solid line denotes a sinusoidal as a reference.
As the control parameters of the present pulsating jet, we consider the following three;
that is, Reynolds number Re, Strouhal number St and amplitude ratio α. However, Re is fixed to 5000 through the present study, and we focus upon only the St effect and the α effect. The following are their definitions.
ave.
Here, ( ) ave. 0 u denotes the spatially-averaged value of the time-mean velocity at the nozzle exit, namely, ( )
, where 0 Q is time-mean flow rate from the nozzle. f and U 0amp denote the frequency and the velocity amplitude at the nozzle-exit centre of the jet pulsation, respectively. U 0amp is defined by
(5)
The first and the second terms in the right side represent ensemble-averaged values of the maximum and the minimum U 0 , respectively. The ensemble averagings are carried out over more than 30 pulsation periods.
Experiments are conducted at Re = 5000, St = 0.13, 0.20 and 0.27 and α = 0.5. Fig.5 shows typical wave forms of the velocity U 0 at the nozzle-centre exit, for various values of α.
The authors had tried to realise such a pulsation as sinusoidal as possible. However, raw data involve small high-frequency random fluctuations and distortions. In general, the higher-frequency random fluctuations become relatively negligible at larger pulsation amplitudes, while the distortions diminish at smaller pulsation amplitudes. 
(1)
(6) (7) jet jet (10) whose interest is in the flow just near the nozzle exit, the present St(θ) seems to small. However, the optimum frequency is involved in the present test conditions.
From Fig. 6 , we can see that all profiles are almost the same as that of the no-pulsation jet, which well coincides with the 1/7-power law at 2r/d ≲ 1. Then, we can not recognise clear St effects on the profile. On the other hand, at 2r/d ≳ 1, 
Vol Figures 8 and 9 show axial profiles of the time-mean centre velocity U . We consider the St effect in Fig. 8 , and the α effect in Fig. 9 . We can confirm that the St and α effects upon the axial profile are both negligible, as all data approximately collapse on the same curve.
Axial profile of centre velocity
Major features on the axial profile of U are as follows. As x/d increases from zero to 1.5, U decreases slowly. At x/d > 1.5, U decreases rapidly and linearly in the increase of x/d.
In general, a steady jet has the flow development region near a nozzle exit, and the fully-developed flow region in the downstream. In the former region, we can observe the potential core near the jet's centre, and U do not decreases with increasing x/d (for example, see ref. (3) ).
If we consider the present pulsating jet using Figs. 8 and 9 together with radial profiles (as will be shown in 3.3), the potential core could exist at x/d < 1.5. Besides, the fully-developed flow region could be at x/d > 3. Figure 10 is the results for a steady jet without any forced pulsations (α = 0), while Fig. 11 is these for a pulsating jet as typical samples. We show the Tollmien's theory by a solid line in each figure, for reference. In the fully-developed flow region, the similarity on the radial profile of u has been confirmed experimentally by many researchers (see in ref. width 2b and the centre velocity U , respectively. In Fig. 10 , we can see that the radial profiles at x/d ≥ 3.0 almost collapse on the same curve which is close to the Tollmien's theory. For a pulsating jet, Fig. 11 shows the results can be approximated by the Tollmien's theory at x/d > 1.5 -3.0. According to Seno et al. (9) , Tollmien's theory shows a good agreement with their experiment at x/d = 7.0 -11.3. Note that the radial profile at the nozzle exit in Seno et al. is almost uniform, and that the profile in the present study is almost subject to the 1/7-power law. Therefore, it is reasonable to consider that both the fully-developed flow region and the radial-profile-similarity region appear at smaller x/d than Seno et al. Figures 12 and 13 show axial profiles of the half width 2b. We consider the St effect in Figures 14 and 15 show axial profiles of time-mean total flow rate Q , where Q is non-dimensionalised as 0 Q Q . 0 Q represents the flow rate from the nozzle. We consider the St effect in Fig. 14 , and the α effect in Fig. 15 .
Radial profile of velocity
Axial profile of half width
Total flow rate
We can find that 0 Q Q for all pulsating jets are larger than the no-pulsating jet. In is not appropriate as the indicator as shown before, 2b is the alternative to Q . We consider Q is somewhat more direct and meaningfully than b, from practical points of view. Moreover, Q is an integral quantity, being insensitive to . In fact, some past studies concerning finite-amplitude pulsating jets do not report the existence of the optimum St. To explain this, we can consider the sensitivity of rms U , at large pulsation amplitudes. Because U rms is not such an integral quantity as Q . Moreover, we can consider another substantial explanation related with flow structures. Specifically speaking, in finite-amplitude pulsating jets, the spatial position where we observe the maximum velocity amplitude is more affected by the values of St and α. Then, if we use the measurement only at one spatial position selected arbitrarily, it is likely to misestimate the degree of the entrainment enhancement. Detailed discussion on the flow structure will be shown elsewhere (22) . 
Conclusions
Considering both practical importance and experimental accuracy, we have studied pulsating jets not with small amplitudes, but with finite amplitudes, using a hot-wire anemometry at several positions downward a nozzle exit. Experiments are conducted at a Reynolds number Re = 5000, Strouhal numbers St = 0.011 -0.27 and velocity-amplitude ratios α = 0.1 -1.0, for pulsating circular jets with 1/7-power-law velocity profiles, in order to reveal both the frequency and the amplitude effects upon such physical quantities as the centre velocity , U the radial profile ), (r u the half width 2b and the total flow rate Q . Then, we have obtained the following results.
(1) The effect of pulsation upon U is small. And, U is not sensitive to both St and α. Vol. 4, No. 3, 2009 than three times the diameter. In the fully-developed flow region which is at x/d > 3, we have observed the similarity on ) (r u even in pulsating jets as well as a steady jet. Namely, ) (r u is not sensitive to both St and α, at x/d ≥ 3.
(3) The results on 2b and Q are in accordance with each other. That is, [1] 2b and Q for pulsating jets are always larger than those for a steady jet. Then, the pulsation can enhance mixings. [2] 2b and Q attain the maximum values at St ≈ 0.20.
[3] 2b and Q increase with increasing α. Because 2b and Q are sensitive to both St and α, they are more appropriate than U and ) (r u to evaluate the St and α effect.
(4) We have revealed the combined St-and-α effect upon Q at x/d = 6.0, which consists with small-amplitude results by Crow and Champagne (4) . Namely, the optimum St, at 
